Introduction
Play Fairway Analysis (PFA), which originated in the oil and gas industry, involves identifying the characteristics necessary for a resource to exist; identifying and ranking the data that inform such characteristics in a given geographic area, or Fairway; and then systematically combining the disparate datasets to yield an internally consistent probability map of resource regions (Plays) that have a greater or lesser probability for a resource. The resource probability map is then used to define an assessment program that can most cost-effectively identify the viable resources within the Fairway. As defined by this project's funding agency (the US Department ration activities is the subject of the third and last paper in this series (Lautze et al., 2017) .
There is timeliness to this Hawaii PFA. The Hawaiian Islands originate from a mantle hotspot ( Fig. 1 ) such that subsurface heat can be expected; however, the last statewide geothermal resource assessment was published in 1985 (Thomas, 1985) . The 1985 assessment indicated potential prospects on all of the main Hawaiian Islands, but little additional broadly focused exploration work has been done since. In 2013, team member D. Thomas led a U.S. Army-funded drilling effort in search of groundwater in Humu'ula Saddle region between Mauna Kea and Mauna Loa volcanoes (Fig. 2 , 'Saddle Road Well') resulting in the discovery of water at an elevated temperature (∼140 • C) at a depth of ∼1.7 km -with a temperature gradient of 165 • C/km from ∼1 km depth -in a location not previously recognized as a geothermal area of interest (Thomas et al., 2014) . This discovery not only expanded the state's resource potential but also demonstrated that our understanding of Hawaii's geothermal resource is far from complete. Hawaii's economic and political environment is also extremely favorable. Historically, Hawaii has had the highest electricity price in the nation, which is currently more than double the national average (U.S. Energy Information Administration, 2015). As a result, the state has aggressively pursued renewable sources, such that the percentage of renewable power in the state has more than doubled (to >20%) over the past half-dozen years -primarily through expansion of intermittent (wind and solar) energy production (Department of Business, Economic Development and Tourism (DBEDT), 2015) . Furthermore, in 2015 the state legislature mandated that 100% of Hawaii's electricity come from renewable sources by 2045. Hawaii's only cost-effective, base-load renewable energy source is geothermal. This work serves as a major step toward identifying viable geothermal resource areas -a key element for Hawaii's success in achieving its 100% renewable goals.
Background

Hawaii's geologic setting
Hawaii is an ocean island hotspot environment in which subsurface magma is the source of geothermal heat. The hotspot currently underlies the southeastern portion of Hawaii Island (commonly known as 'the Big Island'), including the active shield volcanoes Mauna Loa and Kilauea. The age of volcanic activity in the state generally increases to the northwest, such that Kauai is the oldest of the main Hawaiian Islands (Fig. 1) . Each island is composed of one or more shield volcanoes ( Fig. 2 and Table 1 ). Typically, each Hawaiian volcano exhibits four stages in a complete life cycle: a) pre-shield, b) shield building, c) post-shield, and d) rejuvenation, although not every volcano experiences each stage (Table 1) . The pre-and post-shield stages occur just before and just after the shield building stage. The shield building stage is when the largest volume of magma is erupted to form the bulk of the volcanic edifice; during thit stage, most eruptions occur at a caldera that sits above the main conduit rising from the mantle plume, and along rift zones that extend outward from the caldera (Fig. 2) . Magma is transported laterally from a shallow reservoir that resides below the caldera into a rift zone within a few kilometers of the surface (Fig. 3) . More rarely during the shield stage, eruptions occur at 'satellite' vents, or vents not within the caldera or along rift zones. This contrasts with rejuvenation phase volcanism, whose vents most typically do not occur along any recognizable pre-existing structures (i.e. rift zones) or pattern of distribution. Rejuvenation phase volcanism occurs after a pause of 0.5-2 million years following the end of the shield stages of activity (Bizimis et al., 2013) ; for example, Ko'olau volcano's (Oahu) post shield activity ceased ∼1.8 Ma, but the most recent rejuvenation activity occurred as recently as ∼80 ka (Table 1) . Rejuvenation phase eruptions are thought to be typically of short duration (days to weeks) and extrude a relatively small volume of magma. Whether an amount of subsurface heat adequate for a geothermal resource could be associated with rejuvenation activity remains an outstanding question.
Across the state, there are volcanoes currently in each stage: the submarine volcano Loihi is in the pre-shield stage; Kilauea and Mauna Loa on Hawaii Island are in the shield building stage; Hualālai and possibly Mauna Kea on Hawaii Island and East Maui volcano (commonly known as Haleakalā) are in the post-shield stage; and several volcanoes on the older islands can be considered to be in the rejuvenation stage. Direct evidence of thermal anomalies (e.g. in water wells) has been identified across most of the islands, including Kauai Thomas, 1985) , which may indicate that all stages of volcanism can contribute geothermal heat to the shallow crust.
Hawaii's geothermal resource
Currently the Kilauea East Rift Zone (KERZ), on Hawaii Island, is the only geothermal system in the Hawaiian archipelago from which geothermal electric power is being produced. The Puna Geothermal Venture (PGV), operated by Ormat Technologies, Inc., produces up to 38 MWe from >300 • C fluids at depths of up to 2.5 km. This meets ∼25% of Hawaii Island's and ∼3% of the state's energy needs (DBEDT, 2015) . Other than PGV and the Puna area, there are very few deep (∼2 km) wells distributed among the major islands of the chain, such that, from a geothermal perspective, the remainder of Hawaii is largely unexplored. Nonetheless, from the few deep wells that do exist it is clear that there is a high contrast between areas with recent magmatic intrusions and the background geothermal gradient of ∼18 • C/km (Büttner and Huenges, 2003) . Therefore, heat is one of the key elements to identify in this Hawaii PFA.
Another important characteristic of geothermal resources in Hawaii is that they are mostly blind. Kilauea's lower east rift zone is the only area of Hawaii with known surface manifestations. These include warm springs along the Puna coast that are probably supplied by outflow from the rift zone (Fig. 4) , and sparse, very weak fumaroles in some deep pit craters (Thomas 1987 (Thomas , 1989 Conrad et al., 1997) . High lateral permeability in the first kilometer below ground surface (composed mainly of subaerial lava flows) does not allow for the formation of surface thermal features (e.g. hot springs, fumaroles, etc.) in other locations. Given these challenges, PFA pro- vides an effective, low-risk/cost exploration strategy that can guide future geothermal resource exploration in Hawaii.
Project methodology
The overall project methodology followed the workflow depicted in Fig. 5 . Our first step was to identify datasets relevant to the necessary qualities (H, P, F) for a geothermal play in Hawaii. Of note, however, is that our basic project workflow and geostatistical methods are applicable to geothermal prospecting in any geologic setting, although the relevant datasets and their rankings will differ in other Fairways according to the regionally specific geologic, hydrologic, and structural conditions there. For example, in the case of continental fault-controlled geothermal systems, key datasets are likely to include Quaternary faulting as highly relevant to permeability, and heat flux as most relevant to heat.
Weekly meetings of the Hawaii Play Fairway Team facilitated smooth execution of the project. Outside experts at times participated in such meetings, including University of Hawaii professors John Sinton (Hawaiian Geology), James Foster (Geodesy/Deformation), and Steve Martel (Mechanics and Structural Geology), as well as Robert Whittier from Hawaii Department of Health (Groundwater Flow) and geologists from Ormat Technologies.
Hawaii geothermal datasets
The datasets relevant to geothermal heat (H) in Hawaii are directly linked to Hawaii's ocean island, hotspot volcanic setting, whereby magmatic intrusions supply the heat source. As lava erupted on the surface cools within minutes to days of extrusion, any resource heat will be derived from subsurface, or intrusive, magma. Volcanic features mapped on the surface serve as direct evidence of intruded subsurface magma (as not all magma is erupted) at some point in the geologic history of that area. Indirect evidence includes geophysical data and groundwater temperature and chemistry data. The datasets used in our analysis are shown in Fig. 6 , and are grouped into 3 main data types: Surface Geology (brown) Geophysics (red), and Groundwater (blue). The numbers in parentheses indicate their ranking on a relative scale of 1-10, as derived by a method of 'expert elicitation', where experts included the authors of this paper and the others named in Section 3.
Data compilation involved a comprehensive search of public databases, reports, and peer reviewed literature. A list of the data sources, grouped by dataset, is provided in Appendix A. All data were submitted to the Department of Energy's National Geothermal Data System (NGDS). It is anticipated that the compiled data will be available from NGDS in the near future. One dataset included in Appendices A and B, but not discussed above is Land Use/Classification and Ownership. This was used in the assessment of Development Viability, as discussed in Lautze et al. (2017) .
4.1. Hawaii datasets relevant to heat 4.1.1. Surface geologic data: caldera, rift zone, vent, dike Subsurface magma is known to exist below volcanic features that can be mapped on the surface, including the calderas of each shield volcano, elongate rift zones that extend laterally outward from calderas, individual volcanic vents that can occur either on or remote from a caldera or rift, and dikes which outcrop in large volume along eroded calderas and rift zones (Fig. 2) . The relative ranking of these mapped features is linked to the volume of subsurface magma anticipated. Calderas sit above the main conduit between the mantle plume and the surface. They therefore represent the locus of the most persistent intrusive activity over a volcano's pre-, post-, and shield stages of activity. Because of their elongate aspect ratio, rift zones are expected to lose heat more rapidly than calderas. Furthermore, changes in the stress regime on an island (e.g. due to growth of a sister volcano or to a mass wasting event) can shift the location of rift zones, such that the persistence of magma influx over time becomes less certain. Individual/isolated vents, with their relatively small size and ephemeral nature, suggest a lower volume of subsurface magma than do calderas and rift zones. Dikes mapped at the surface represent even smaller volumes of magma, although clusters of dikes can indicate the location of rift zones and calderas, especially in the older volcanoes.
Geophysical data: magnetotelluric, gravity
Magnetotelluric (MT) data indicate the resistivity of the subsurface. Based on existing studies in Hawaii, resistivity patterns Flowchart showing overall project methodology, applied to the assessment of a geothermal resource. The filled boxes, numbered 1-8, denote computational and/or decision-making steps, whereas the unfilled boxes represent the products of those computations/decisions. The datasets listed and the numbers in the boxes below step 4 refer to the relative weighting of the individual data sets (as discussed below). With appropriate modifications to the selection of data sets and weighting functions, this method is general enough to be applied to any geologic setting and resource type.
Fig. 6.
The data types used in the probability modeling to indicate the probability/likelihood of geothermal Heat, Fluid, and Permeability. The numbers in parentheses indicate the relative ranking of reliability, from 1 (low) to 10 (high). Data types are color-coded: brown for surface geologic features; red for geophysical data; and blue for groundwater data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) are most affected by rock porosity, the degree of saturation, and the temperature and salinity of groundwater in rock ( Thomas et al., 2014) . Unlike other high temperature volcanic settings where very low resistivity may indicate a clay cap above a hydrothermal reservoir (Johnston et al., 1992; Anderson et al., 2000; Cumming, 2009) , prominent clay caps have not been documented in association with Hawaiian resources (Evans et al., 1992a,b,c,d,e,f,g; Trusdell et al., 1993) . Although alteration mineralogy does not have a large impact on resistivity signatures of hydrothermal resources, the combination of thermal fluid and elevated salinity in saturated rocks corresponds to moderately low resistivity in reservoirs. For example, in the Humu'ula "Saddle Road Well" (Fig. 2) , where groundwater exploration drilling found hot water, MT data indicate an order-of-magnitude lower resistivity in basalts saturated with thermal fluid, compared to ambient-temperature freshwater ( ). Resistivity estimates are therefore a key geophysical data type indicative of subsurface heat in Hawaii, particularly when interpreted in the context of other, regionally appropriate, sources of increased/decreased resistivity (e.g., Ussher et al., 2000) . MT data currently exist for only a small percentage of Hawaii Island, and no other islands. Hence, in Hawaii, we have no means of assessing the relative effects of aging, weathering, and long-term thermal decline on the modeled MT resistivity signatures over older geologically favorable geothermal prospects.
Gravity surveys have proven useful in Hawaii for identifying dense intrusive magmatic centers, which are the primary source of geothermal heat in Hawaii. Gravity data have been used to map the extent and distribution of magmatic centers beneath rift zones and summit dike complexes, and a recently published re-analysis of Hawaii's gravity data identified potential dike complexes that were previously unrecognized and show few surface manifestations. The Humu'ulu 'Saddle Road Well' coincidentally confirmed the presence of a higher-than-expected dike frequency and significant thermal activity in that location ( Fig. 7 ; Thomas et al., 2014) . Gravity data can therefore invaluably supplement geologic map data by indicating intrusive activity that may not be evident at the surface.
MT data are ranked more highly than gravity/density data because, in Hawaii, the former typically measure present-day conditions whereas the latter are indicative of prior events (magmatic intrusions) that, with time, lose heat.
Groundwater data: well temperature, Chloride:Magnesium ratio, silica concentration
Elevated groundwater temperature is a direct indicator of a heat source at or somewhere upgradient of the measurement location. Many areas of Hawaii have high rates of rainfall that filters through highly permeable surface layers into a permeable shallow groundwater system. Geothermal fluids discharging into the shallow groundwater system therefore have a high likelihood of being diluted and transported far (tens of kilometers) from their source. Elevated temperatures measured in wells are therefore considered to be conservative and diagnostic signatures of geothermal influence. Fig. 8 shows the water well temperature results, calculated as the difference between water and annual mean surface/air temperatures. Note that anomalously high ( T ≥ 5) water well temperatures occur on all islands except Molokai.
Less reliable, but still valuable, are groundwater chemical variations associated with thermal fluids. A Cl/Mg ratio above that of seawater (i.e >15) strongly suggests Mg depletion has occurred within a hydrothermal system. All groundwater in Hawaii has seasalt present, either through mixing with the underlying seawater, or as a result of sea-salt aerosol deposition on land that seeps into the groundwater system. The chloride ion is relatively non-reactive in groundwater and its concentration is relatively stable whereas the magnesium ion is extremely sensitive to removal by geothermal processes (removed as secondary clays; Thomas, 1987 Fig. 9 , where the limited number of wells, as compared to Fig. 8 , illustrates a limitation in available groundwater chemistry data. Silica is abundant in rocks and has a temperature-dependent solubility; therefore elevated silica in groundwater has been widely used as a thermal indicator. Elevated silica can also be attributed to irrigation, making it a less reliable indicator than elevated Cl/Mg in agricultural regions. Also, the dilution of thermal water with shallow groundwater has a greater effect on the silica concentrations than on the Cl/Mg ratios. To mitigate such complications, we screened for anomalous silica values within individual watersheds. Using the Hawai'i Department of Health aquifer designations for the state (Mink and Lau, 1990) , we standardized (i.e., took the deviation from the median on the scale of the median absolute deviation) the silica values within the watersheds and used the standardized (Z) values to detect outliers. Wells with Z-values ≥ 1 were used in the probability modeling.
The groundwater data were compiled from legacy and current state water wells. Given that most groundwater in Hawaii is highly mobile, any geothermal signature found in these data was likely sourced some distance away from the well that was sampled. To account for this, we used groundwater flow models to estimate the flow paths as the set of possible locations from which the geothermal signature originated. In doing so, we considered evidence for both a currently active heat source (i.e. groundwater indicators) and indirect data (i.e. location of volcanic features) in our analysis. This is explained in more detail in paper 2 of this series (Ito et al., 2016) . . The map shows residual gravity anomaly, which is the complete Bouguer anomaly minus the attraction of the crust-mantle interface, assuming it conforms to the shape of an elastic lithospheric plate being flexed downward by the weight of the volcanoes. The map therefore reflects primarily variations in crustal density with high residual gravity indicating dense intrusive magma. 
Other: hawaiian place names
Finally, in recognizing the Native Hawaiian practice of integrating historical and descriptive information into Hawaiian place names and oral histories, as well as the very long tenure of Polynesian residence in Hawaii, we screened Hawaiian location names throughout the state for references to thermal or recent volcanic activity. This dataset is weighted lowest because many of the descriptive references are allegorical in nature and often nonunique; for example Hawaiian words that describe hot or warmth include wela, hahana, and iki'iki (wehwehe.org). These can be incorporated into a place name that refers to a hot climate instead of warm groundwater. Section 4 describes these results.
Hawaii datasets relevant to fluid
Geophysical data: MT
Electrical resistivity (or MT) measurements of the crust can serve as a sensitive indicator of saturation, temperature, and salinity of fluids in subsurface formations. In Hawaii, dry basalts have resistivities in the range of 20,000 ohm-m and higher, whereas freshwater saturated basalts have resistivities more than an order of magnitude lower. In the Humu'ula Saddle region, where resistivity and subsurface temperature data exist contemporaneously, the resistivity of formations saturated with high-temperature fluids were found to be an order of magnitude lower than rocks saturated with ambient freshwater ). Thus resistivity can be a reliable indicator of the state of saturation in subsurface rocks in Hawaii in both thermal and non-thermal areas. Analysis of the resistivity data also takes into account the potential for low resistivity associated with seawater saturation and variations in lithology.
4.2.2. Groundwater data: water table elevation, recharge 4.2.2.1. Groundwater elevations. Accepted models of ocean island hydrology assume universal seawater saturation below a floating basal groundwater lens derived from freshwater recharge. Given the generally high permeability of Hawaii's basaltic lava flows, and anticipated resource depths of 2-3 km, it is reasonable to assume, where hydraulic flow paths are continuous, that fluids are present at resource depth so long as the water table (hydraulic head) elevation is at or above that predicted by prevailing models. Recent data, including that from the Saddle Road well, suggest this is indeed the case. Groundwater Recharge Rates are often proportional to hydraulic head, such that, for the same reason as just stated, recharge data are informative, especially in locations where groundwater elevation data are lacking (i.e. where no wells exist).
Although access to fluid is probable in most areas of the state, more favorable conditions are expected to be in areas of elevated water table and high rates of groundwater recharge. This is for two primary reasons: First, prior studies (e.g. Seyfried and Bischoff, 1979) have shown that fresh and saline waters behave very differently in basaltic hydrothermal systems: seawater intruding into a hydrothermal system causes deposition of several minerals which substantially lowers the pH of the intruding fluids and brings about rapid breakdown of the primary basaltic minerals and deposition of secondary minerals that can occlude formation permeability. Analyses of fluids from saline thermal wells in Puna have confirmed this process given both highly altered saline chemistry and pH values below 3 (Thomas, 1987 and references therein) . Freshwaterderived thermal fluids are less aggressive in altering the native basalt minerals and have more benign pH values, and consequently constitute a more ideal resource fluid.
A second consideration relevant to availability of water for Hawaii's geothermal systems is that, to date, there has been little evidence suggesting that pressure and temperature within these systems are controlled by an overlying clay cap (Evans et al., 1992a,b,c,d,e,f,g; Trusdell et al., 1993) . More typically, temperatures observed in deep wells appear to be controlled by the hydrostatic head of the overlying groundwater system: measured temperatures and steam saturation pressures in deep wells rarely exceed the hydrostatic pressure for the depth of the measured temperature. Hence, in the interior of the islands, a highly elevated regional groundwater table allows elevated temperatures to reach higher values at shallower depths below ground surface.
In areas where groundwater elevation is higher and/or high rates of recharge occur, the overlying freshwater typically displaces seawater to substantial depths below sea level, thus making the ideal combination of shallower elevated temperatures and lower salinity thermal fluids more likely.
Hawaii datasets relevant to permeability
The distribution of subsurface permeability within the islands at geothermal reservoir depths is not well documented given that very few deep test holes outside of Puna (Fig. 4) have been drilled. An exception − the Hawaii Scientific Drilling Project -drilled a 3.5 km-deep research hole into the near-shore flank of Mauna Kea, which showed that subaerial basaltic lava flows maintain their porosity and permeability to at least 1 km depth. The Humu'ula Saddle boreholes, extending to depths of 1.5 and 1.7 km, show moderate compaction of subaerial lava flows at their maximum depths ( Thomas and Haskins, 2013) . There are little to no data on how compaction is expressed in the older volcanic systems.
Given the absence of ground truth data outside of Puna, this PFA analysis used the following structural and geophysical datasets to inform the quality of permeability:
Surface geologic data: rift zones and faults
Faults are zones of crustal fracturing and are therefore associated with elevated permeability. Most faulting in Hawaii is caused by stresses due to the weight of a volcano, and/or magmatic processes within a volcano rather than by plate tectonic stresses. The most intensively faulted regions in Hawaii involve normal faults associated with areas of caldera formation, flank subsidence, and dike intrusion (e.g. Kilauea caldera, the Hilina fault system of Kilauea, and the southwest flank of Mauna Loa).
4.3.2.
Geophysical data: geodetic strain, seismicity, gravity 4.3.2.1. Geodetic strain. Ground surface motion using the Global Positioning System (GPS) can be used to model both the dilatational and shear components of active strain. Crustal permeability correlates strongly with extensional strain. Hawaii Island has an extensive GPS network for monitoring ground motion associated with magma intrusion into its active volcanoes and provides insights into the distribution of deformation rates over much of the island. Less extensive coverage is available for the older islands.
Seismicity. Seismicity in volcanic environments
indicates an elevated probability of permeability either through fracturing around dikes or through faulting. Hawaii Island hosts one of the densest seismic networks in the United States. An abundant data resource is available from this network dating back to the early 1900s. The older islands have substantially less coverage but a long history of seismic data exists there as well; see Appendix A.
4.3.2.3. Gravity. In Hawaii, high gravity implies dike intrusion (elevated heat) and, because an intrusion must break existing rock, there is an elevated probability of permeability forming around the intrusion. Also, regions of elevated gravity are often associated with higher rates of subsidence (i.e. increased rates of subsidence beneath rift zones and calderas) and crustal deformation, which may also be associated with elevated levels of fault generated permeability.
Hawaiian place names associated with volcanism or geothermal characteristics
In recognizing that many location names across the State of Hawaii originate from the Hawaiian language, and that the Hawaiian place names are highly descriptive in nature, we screened Hawaiian named locations across the state for indications of hot or warm fluid, and/or other characteristics that might be associated with thermal activity (e.g. odors, recent volcanism, etc.). We include our preliminary results here and in Table 3 , although Hawaiian place names were not weighted highly in the Hawaii PFA analysis.
Ancient Hawaiians (circa 1200-1300 CE; Wilmshurst et al., 2010) believed that each natural phenomenon had a personality. The fire goddess Pele and her siblings were associated with volcanism and related geologic phenomena and are among the best-known figures in Hawaiian mythology. Pele's family members included Kamoho Ali'i (Pele's brother and a shark god), who was associated with steam; Kane hekili, associated with thunder; Kane Pohaku ka'a, associated with earthquakes; Kane hoa lani, associated with fire making; and Kane huli honua, associated with turning earth upside down. Our survey of Hawaiian place names explored whether those names alluding to Pele, her family members, and/or environmental conditions (i.e. words for "hot") might indicate subsurface thermal phenomena. Fig. 11 and Table 2 show the results of this analysis. Not surprisingly the highest density of findings exists in the vicinity of the active Kilauea volcano. Some examples from the Puna region include Ke awa o Pele ("the landing place of Pele"), Puhi a Pele ("blown out by Pele"), Keahi a Laka ("the tame fire of Laka, Pele's sister"), Pu'u Pilau ("stinking hill"), Pu'u Kukai ("dung hill"), and Waiwelawela ("warm water,"). Kilauea's Southwest Rift Zone includes two sites associated with Pele along the shoreline: Wai Wela Point ("warm water point") and Wai o Pele Bay ("water of Pele Bay"). The former is known to host a warm coastal brackish spring; we have no data on the other.
On Mauna Loa, only two place names were identified as references to volcanic activity and no place names suggested warm water. Na'alehu, a small town near South Point, translates to "the volcanic ashes", and Mana Ka'a Point is named for a stone offshore that was reputed to have been named by family grieving after their father that was turned to stone by Pele (the point is part of an extensive coastal lava flow that recent work has dated to 3000 to 5000 years before present ). On Hualālai, Makole a translates to "glowing red eye", and Puhi a Pele to "blown out by Pele." Both locations are associated with Hualālai's 1801 eruptive event. On Mauna Kea, Pu'u Ka Pele, "Pele's hill," and A'ahu wela, "hot garment/mantle," refer to Pele and heat, respectively. On Kohala volcano, Ha'ena, translates to "red hot" but, as no thermal or volcanic features exist in this region, its hot dry climate may explain its name.
Five place names on Maui may refer to thermal activity. On Haleakalā's East rift zone are Ka iwi o Pele/Na iwi o Pele ("Pele's bones"), Ma'ino/Pali Pilo ("stinking cliff"), and Pu'u Haoa ("hot hill"), and on Haleakalā's NW rift zone is Pa'u Wela Point ("hot soot"). On West Maui Volcano, Ka Pilau, "stinking ridge," is located above the Iao Valley area.
On the island of Kaho'olawe, Kahuahale-o-Kamoho Ali'i, "foundation of the house of Kamoho Ali'i" (Pele's brother) is situated within the general area of the island's least weathered and most likely youngest cinder cone.
Molokai Island hosts Ka holo a Pele, ("Pele's Landslide"), Kapuai a Pele ("Pele's fireplace"), and Kauha Ko ("intestine"). The latter two are located on the Kalaupapa peninsula where Pele was reputed to have come to dig her home on Molokai. The Kalaupapa Peninsula is the site of the most recent volcanism on Molokai. Oahu hosts Ma'ea'ea, "stench", and Pua Ena, "issue hot." Both sites are located in close proximity to each other and to Wailua Bay, an area that Hawaiian oral history recognizes as a former home for Pele when she came to Oahu.
Kauai hosts Mahana Loa, "very warm," and Makahuena Point, "eyes overflowing with heat" with unclear sources that may refer to climactic conditions, and Maka o Kaha'i, which is immediately downslope of a geologically young cinder cone and Nomilu Cone which appears to be a young maar produced by an eruption very close to the current shoreline.
Initial findings
Evidence for elevated heat
Several indicators of hot source rock are shown in Figs. 2, 7-10. The residual gravity anomaly has been corrected for the effects of surface topography (i.e., free-air and Bouguer corrections) as well as the base of the crust (assuming topography is compensated regionally by lithospheric flexure; , and therefore mostly reflects density variations within the crust. With that, Fig. 7 illustrates the well-known coincidence of dense intrusive rock beneath the large shield volcanoes, especially beneath the volcanic calderas and rift zones. These are the most probable locations of elevated heat. However, while this excess heat is known to be present beneath the active volcanoes, Mauna Loa and Kilauea in the southern part of Hawaii island, it is not well known to what extent the heat has been lost with time in the older volcanoes. Fig. 8 shows where groundwater was measured to be unusually warm; Figs. 9 and 10 respectively show where Cl/Mg ratios and SiO 2 content of groundwater are unusually high and thus suggest interaction with geothermal fluid. A cluster of these indicators of heat is found near Kilauea's lower east rift zone, which reflects the known geothermal activity. In addition, groundwater indications of heat occur in clusters on the west flank of the older Hualālai volcano (shield stage ended 0.15 Myr ago) as well as southwest of Kohala volcano (shield stage ended ∼0.38 Myr ago) and Mauna Kea volcano (shield stage ended ∼0.25 Myr ago). Such data suggest the presence of geothermal activity on or near these three older volcanos on Hawaii Island, which is consistent with findings at the PTA-1 drill site located in the Humu'ula Saddle.
Groundwater indications of elevated heat on Haleakalā may be associated with extended post-shield activity that included 12-15 eruptions in the last 1500 years (the most recent ∼ 400 years ago) or older shield stage (≥0.6 Ma) activity (Table 1) . West Maui residual heat may be related to post shield or to late shield stage activity 2-1.4 Ma. Lanai Island (shield stage ended ∼ 1.1 Ma; no post-shield) also shows elevated temperatures. On Oahu, groundwater indicators of elevated heat occur on the south and east shores of the Koolau shield volcano, near areas of relatively young (∼80-100 ka) rejuvenated volcanic features. There are also groundwater indications of elevated heat in the vicinity of the caldera of Waianae volcano whose post-shield activity ended ∼3 Myr ago (no rejuvenated volcanism has been recognized). On the still older island of Kauai, there are a few groundwater indications of thermal activity in the southwest part of the island. Kauai's shield stage ended ∼4 Ma but it has the largest volume and longest duration of rejuvenated volcanism of the Hawaiian islands, with eruptions having occurred in the past 500 ka (Garcia et al., 2010) .
Evidence for elevated fluid content and permeability
More favorable fluid conditions are expected in areas of high water table and rapid groundwater recharge. The water table tends to be higher beneath areas of higher elevation and the rate of recharge tends to be higher on the northeast and windward sides of the islands. On Hawaii island, relatively high values of both indicators occur on the east side of the island on the flanks of and between Mauna Loa and Mauna Kea. On Maui, the two properties are relatively high on West Maui and on the northeast side of the Haleakalā volcano. On Lanai, recharge is relatively low but data suggest the water table is elevated. On Oahu the water table and recharge rates are relatively high over the Koolau and Waianae mountain ranges. On Kauai they are relatively high where the surface is elevated over the central and northwest areas of the island.
The permeability structure of the islands at depths of more than 1 km is not well defined since so few wells have been drilled to those depths. On Hawaii island, elevated permeability is indicated by elevated seismicity and geodetically measured surface deformation, which are largely confined to the active Mauna Loa and Kilauea volcanoes. On all of the islands, areas near rift zones, calderas, and faults (Fig. 2) are more likely to have greater permeability, but like heat, permeability in these areas probably decays with time due to weathering. Nonetheless, given what is known to date, these areas are more likely than elsewhere to have greater permeability.
6.3. The coincidence of heat, fluid, and permeability for geothermal resources Our preliminary and qualitative assessment of where elevated heat, fluid content, and permeability coincide is based on four primary considerations: (i) the indicators of elevated heat; (ii) that groundwater is likely to be present at depths of the heat source on all of the islands; (iii) the tendency for permeability to be relatively high near calderas, rift zones, and mapped faults; and (iv) the fact that elevated permeability associated with those features and the heat associated with intrusive magmatism decreases with age. These four considerations confirm the presence of geothermal resources on the active Kilauea volcano, and suggest a high likelihood of resources on the less active Mauna Loa volcano. Resources are also possible, although less likely, near the summits and rift zones of the older (Hualālai, Kohala and Mauna Kea) volcanoes on Hawaii Island. The favorabilility of resources is reduced on Lanai and Maui due to their greater ages, but groundwater data suggest geothermal activity exists. A possible heat source for East Maui (Haleakalā) is the recent activity associated with prolonged post-shield volcanism. Resouce favorability on Oahu and Kauai is reduced further due to their greater ages, but groundwater data suggest thermal fluids are still present. On the Ko'olau range of Oahu, and on Kauai, the relatively recent rejuvenated volcanism is a possible source of heat.
Although geothermal resources are expected to be most prominent on the young island of Hawaii, the population of this island is relatively low, and nearly half of its demand for electricity is already supplied by renewable sources, including geothermal. The demand and viability of geothermal energy production may be greater on the more populated islands of Maui and Oahu; therefore exploration efforts on or near (i.e., Lanai) these islands is highly desirable. More discussion of viability issues is presented in Lautze et al. (2017) .
Conclusions
This Hawaii Play Fairway Analysis provides the first comprehensive statewide geothermal resource assessment in Hawaii in over three decades, and is the first to produce a quantitative resource probability model (Ito et al., 2016) . As part of this Hawaii PFA, the authors made a concerted effort to be inclusive of any and all existing datasets that may indicate subsurface Heat, Permeability, and Fluid-the three qualities necessary for a geothermal resource. Such datasets were identified and ranked in terms of their importance to indicate each of three qualities through a process of expert elicitation. This paper justifies the inclusion and ranking of each dataset, provides maps of much of the data, and gives the references from which the data were obtained. It is expected that the data incorporated in this analysis will soon be available from the DOE's National Geothermal Repository.
The next paper on this project by Ito et al. (2016) details the development and application of our geostatistical method, which is universally applicable but was used here to produce an updated statewide geothermal resource probability map for Hawaii, as well as a quantification of confidence in the resource probabilities that were computed. A third paper by Lautze et al. (2017) describes the development viability criteria that were the 3rd aspect (in addition to probability and confidence) used to develop a prioritized roadmap of future exploration activities.
This PFA finds that the likelihood of abundant geothermal resources is highest on the youngest island of Hawaii, but groundwater indicators suggest that a significant likelihood for resources also exists on the older islands. Development viability criteria, including demand for renewable energy and anticipated levels of community acceptance, motivate further exploration across the state. This Hawaii PFA, and in particular the data types described in this paper, are likely to be most directly applicable to other midocean plate hotspot settings in the world, such as American Samoa, the Comoros Islands (Africa), and the Galapagos Islands (Ecuador). The approach and methodology applied in this PFA can be adapted to the evaluation of geothermal prospects in a global array of geologic settings -through an appropriate selection and weighting of regionally specific datasets. http://dlnr.hawaii.gov/cwrm/groundwater/wellinfo/ (accessed July 14, 2014).
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